Eddy generation induced by a line-shaped salt flux under a sea ice lead and associated salt transport are investigated using a three-dimensional numerical model. The model is designed to represent a typical condition for the wintertime Arctic Ocean mixed layer, where new ice formation within leads is known to be one of the primary sources of dense water. The result shows that along-lead baroclinic jets generate anticyclonic eddies at the base of the mixed layer, and almost all the lead-originated salt is contained inside these eddies. These eddies survive for over a month after closing of the lead and transport the leadoriginated salt laterally. Consequently, the lead-origin salt settles only on the top of the halocline and is not used for increasing salinity of the mixed layer. Sensitivity experiments suggest that the horizontal scale of generated eddies depends only on the surface forcing and is proportional to the cube root of the total amount of salt input. This scaling of eddy size is consistent with a theoretical argument based on a linear instability theory. Parameterizing these processes would improve representation of the Arctic Ocean mixed layer in ocean general circulation models.
Introduction
The sea surface mixed layer works as an interface of air-sea interaction, so it plays a very important role in the global climate, particularly in polar regions where a great amount of buoyancy is lost from the ocean and dense water is formed. The polar ocean is covered by sea ice, and input and output of salt due to its freezing and melting is one of the primary factors of sea surface mixed layer formation there. However, ocean general circulation models (OGCMs) suffer from difficulties in representing the profile of salinity and temperature in polar regions (Steiner et al. 2004) . One major reason for such difficulties is that small-scale processes in the mixed layer are not resolved explicitly but are just empirically parameterized. To develop more appropriate parameterizations, we should quantitatively investigate small-scale processes in the mixed layer.
Since the wintertime Arctic Ocean is covered by thick sea ice that acts as a thermal insulator, air-sea heat transfer and new ice formation mostly occur in open water regions such as leads/polynyas. Leads are long narrow openings in large ice floes with a width of several meters to several kilometers, and duration time ranging from a few hours to several days in winter (Smith et al. 1990 ). Previous studies point out that leads play a very important role in air-sea interaction. Maykut (1982) estimates that freezing in leads accounts for half of the total amount of new ice formation in the wintertime Arctic Ocean, even though the total area of leads only accounts for a few percent of the whole icecovered area. This estimate suggests that the source of salt flux caused by brine rejection in the wintertime Arctic Ocean is highly localized and is organized in a long narrow line shape. Such localized salt flux could have a great impact on the structure of the Arctic Ocean mixed layer. Previous laboratory experiments (Bush and Woods 1999, 2000) suggest that such a lineshaped salt flux under a lead generates eddies. Those eddies survive even after closing of the lead and work as carriers of the lead-originated salt. Therefore, while opening and closing of a single lead is a localized and short-term event, it could influence the Arctic Ocean mixed layer for a longer period and over a wider area. For quantitative investigation of such processes in the wintertime Arctic Ocean, numerical experiments using high-resolution models are required because direct ob-servation is difficult due to severe weather and thick ice cover.
There have been several studies that investigate processes under a freezing lead using numerical models. Kozo (1983) investigates the convection induced by local brine rejection due to freezing of a lead using a two-dimensional hydrostatic model. He simply applies a constant surface salt flux over 120-m width, resulting in a cellular structure with convergence at the surface and divergence at the base. Since the duration of the integration is only 3 h, effects of rotation are not realized. Smith and Morison (1993) perform similar experiments with a wider lead using a higher-resolution model. At first, plumes with strong downward velocity develop under both edges of the lead, and relatively weak compensating upwelling is found at the center. After a few hours the salinity under the lead is homogenized by convection, and a cellular secondary circulation with convergence at the surface and divergence at the base is formed. Since the integration time is 24 h, rotational effects appear and along-lead geostrophic jets develop. The direction of these jets is opposite between the surface and the base, but such baroclinicity does not lead to instability because the model is twodimensional. While the studies mentioned above treat a lead as a source of constant salt flux, Kantha (1995) uses an ice-ocean coupled model and focuses on the variation of the salt flux due to sea ice growth. He points out the importance of thermodynamics of ice for the correct estimation of salt flux, especially when sea ice cover and position of leads are moving, because the temperature under leads is not always at the freezing point. Smith and Morison (1998) investigate nonhydrostatic effects of convection under leads using a twodimensional nonhydrostatic model. Their result suggests that nonhydrostatic effects are dominant when the convection reaches below 100-m depth. In the presence of the halocline, convection is confined to a shallow mixed layer and nonhydrostatic effects are not as important. Skyllingstad and Denbo (2001) investigate the smallscale structure of convection under leads using a highresolution large-eddy simulation model coupled with sea ice. Their results suggest that the vertical mixing due to convective plumes under leads strongly depends on the velocity of the sea ice motion. Since their integration time is no more than 12 h, rotational effects and secondary circulation formed by the pressure gradient between local saline water beneath the lead and ambient freshwater do not appear.
A three-dimensional long-term integration that focuses on the secondary processes after closing of a lead was performed by Smith et al. (2002) . In their result, anticyclonic eddies that contain high-salinity water are generated in a few days, as predicted by laboratory experiments of Bush and Woods (1999) . However, the experimental domain in Smith et al. includes only the region above the halocline, so the penetration of convective plumes into the halocline is not represented. Therefore, it has not been clarified how the leadoriginated salt is distributed and affects the structure of the halocline in the Arctic Ocean mixed layer.
The purposes of the present study are to investigate eddy generation processes induced by localized salt flux due to freezing of a lead and to make a quantitative estimate of the impact of the lead-originated salt on the Arctic Ocean mixed layer through long-term integrations. We also discuss parameter sensitivity of eddy properties, particularly their scale.
Model description and experimental design
The ocean model used in this study is a threedimensional nonhydrostatic model for an incompressible fluid, similar to one described by Marshall et al. (1997a,b) . The rigid-lid and Boussinesq approximations are used. Smagorinsky-type shear-dependent viscosity is adopted with a biharmonic operator (Griffies and Hallberg 2000) , and harmonic diffusion is applied. Since the focus of this study is on the small-scale salt transport processes, we use a high-accuracy tracer advection scheme "COSMIC-QUICKEST" (Leonard 1979 (Leonard , 1991 Leonard et al. 1996) . The horizontal size of the model domain is 25.6 km ϫ 25.6 km with periodic boundaries. The latitude is set at 80°N, and an f-plane approximation is used. The depth of the domain is 80 m (except for sensitivity experiments, described later, whose mixed layer depth is varied), and the bottom boundary is free slip. The resolution is 200 m horizontally and 2.5 m vertically. Integration is initiated by a stationary state and continues for 50 days in each experiment. Physical constants and model parameters used in the model are listed in Table 1 .
The initial salinity and temperature are horizontally uniform and have a vertical profile characteristic of the wintertime Arctic Ocean, where a cold halocline separates the fresh mixed layer near the surface and the high salinity dense water below (Cavalieri and Martin 1994; Rudels et al. 1996) . We idealize this vertical profile by fixing temperature at the freezing point and approximating the salinity change by a hyperbolic-tangent curve. In the control experiment the inflection point of the hyperbolic-tangent curve is at 40-m depth, and the salinity is 32.0 psu in the surface mixed layer and 32.5 psu below the halocline (Fig. 1) . We define the mixed layer depth H as the thickness of the water column where salinity is almost uniform (32.0 Ͻ S Ͻ 32.01 psu).
The sea surface is covered by thick sea ice except that there is a lead at the center of the domain. The thickness of the ice cover outside the lead is 2 m. Initially there is thin ice of random thickness within the lead, whose maximum thickness is 2.5 cm, to seed baroclinic instability.
The x axis of the model coordinate is oriented perpendicular to the lead, and the y axis is along the lead. The direction of increasing z is upward. The coordinate origin is set at the center of the lead.
The surface temperature is restored to an apparent air temperature (Haney 1971) . Since the water temperature is fixed at the freezing point in the model, the heat loss within the lead directly results in freezing. Note that we treat the thick ice cover as an ideal insulator, so freezing and corresponding salt supply occurs only within the lead. The thermodynamic growth rate of young ice within the lead and corresponding salt flux are calculated by zero-layer thermodynamics (Semtner 1976) . Closing of leads in the Arctic Ocean is induced by thermodynamic growth of new ice cover within the lead or convergent motion of ice floes. Since we do not treat ice dynamics explicitly, we close the lead artificially after several days to represent the dynamic closing, and there is no salt flux afterward.
In the control experiment (referred to as CTRL) we choose the lead width W ϭ 800 m, the mixed layer depth H ϭ 30 m, the salinity difference between the upper mixed layer and the lower dense water ⌬S ϭ 0.5 psu, the apparent air temperature T a ϭ Ϫ20°C, and the duration time of the lead t s ϭ 3 days. The values for these parameters in all sensitivity experiments are listed in Table 2 .
To investigate the transport process of the salt supplied by the freezing lead, we use a virtual tracer, which is initially set to zero for all of the domain, and whose surface flux is the same as the salt flux induced by brine rejection. Our analysis of the distribution of the leadoriginated salt is based on the concentration of this virtual tracer.
Note that we idealize the Arctic Ocean mixed layer and omit some important processes, such as winddriven drift of sea ice pack and heat transport induced by upwelling of deeper warm water beneath the thermocline. These processes could significantly affect the transport processes and distribution of the lead-originated salt. However, in the present study we only treat a condition where sea ice cover does not move and there is no upward heat flux from the deeper ocean. This idealization is suitable when winds are not so strong or ice cover is sufficiently thick and compact, and the cold halocline blocks upwelling of deeper warm water.
Results

a. The reference experiment
Figures 2 and 3 show the results of the CTRL experiment. After 24-h integration, brine-driven convection under the lead reaches 40-m depth (Fig. 2b) . The concentration of the lead-originated salt increases by about 0.04 psu under the lead, and fronts are formed between the high salinity dense water under the lead and the ambient freshwater. These fronts accompany alonglead jets as a result of geostrophic adjustment ( Fig. 2a) . At the surface, these jets flow in the direction of increasing y on the positive-x side and toward decreasing y on the negative-x side, so the interior high density region has positive relative vorticity. On the other hand, the direction of the jets is opposite at the base of the mixed layer, so the interior region has negative relative vorticity. By day 3, the concentration under the lead exceeds 0.05 psu, and each front slants outward at the base of the mixed layer (Fig. 2d) . Figure 2c shows that baroclinic instability is developing at each front with a wavelength of 3 km. By day 5, the meandering of the along-lead jets induced by baroclinic instability divides the dense water mass into seven separate masses (Fig. 2e) . By day 10, some of these separate masses merge and five discrete eddies are generated (Fig. 3a) . The horizontal size of these eddies is about 3-5 km, and all eddies have negative vorticity. Almost all salt supplied under the lead is contained inside these eddies. The peak of the salt concentration is found at the 30-m depth, which means that the cores of the eddies are located at the base of the mixed layer (Fig. 3d) . After day 30, smaller-scale secondary eddies are also found, 
Gravitational acceleration g 9.80 m s
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Horizontal diffusivity
which are generated as a result of the interaction of the original eddies (Fig. 3c) . The eddies survive even at day 50, and some of them move horizontally by about 5 km (Fig. 3e ). Since these eddies contain the lead-originated salt, such lateral motion of eddies transports the leadoriginated salt. For comparison, we show the results of experiments without initial random perturbation of ice thickness (referred to as NORAND) and without rotation (referred to as NOROT). In NORAND, baroclinic instability cannot develop because of the absence of the seed of instability, and no eddy is generated. Consequently, there is no salt transport by eddies, and the salt supplied under the lead stays just under the lead in a geostrophically adjusted steady state (Fig. 4a) . On the other hand, the geostrophic adjustment does not occur in NOROT, so the lead-originated salt spreads above the halocline (Fig. 4b) by cellular overturning.
To investigate the lateral salt transport, we divide the domain horizontally into five regions by the distance from the lead. The width of the each region is 2 km except the farthest regions that have 4.8-km width. Note that the regions on the positive-x and negative-x sides at the same distance are counted as the same region. Figure 5 is the time series of the amount of the lead-originated salt contained in each region (normalized by the total amount of salt input). In CTRL, while all the lead-originated salt is contained in the nearest region during the first few days, more than 20% of the lead-originated salt is transported into the next region, which is 2 km away from the lead, by day 10. This is due to slanting of the fronts during the geostrophic adjustment. After day 10, eddy-induced salt transport begins to work, and the lead-originated salt is transported by more than 6 km away from the lead. After day 50, the nearest region loses more than 50% of the total salt, while the 2-4-km region has 25% and each of the 4-6-and 6-8-km regions has about 15%. The fact that little salt is transported to the farthest region, which is 8 km away from the lead, indicates that the lateral motion of the eddies is limited within 8 km in CTRL. NORAND has no eddy-induced salt transport, and all of the leadoriginated salt stays only in the nearest region. In NOROT, a cellular overturning circulation develops, unrestricted by geostrophic adjustment, and the leadoriginated salt is rapidly distributed over all regions uniformly by this overturning circulation. Figure 6 is the same as Fig. 5 , but the domain is divided vertically into five layers. The thickness of each layer is 10 m except the bottom layer, which has 40-m thickness. In CTRL, almost all the lead-originated salt is contained in the layers 20-30 and 30-40 m thick after day 5. At day 50, 55% and 40% of the leadoriginated salt is contained in the 30-40-and 20-30-m layers, respectively. Since the top of the halocline is at 30 m, this vertical profile suggests that the leadoriginated salt is distributed mostly around the base of the mixed layer. Contrary to CTRL, the lead-originated salt is distributed over a wider depth range in NORAND and NOROT. In NORAND, 20% of the lead-originated salt is contained in the 10-20-m layer, and 35% is contained in each of the 20-30-and 30-40-m layers. In NOROT, 50%, 33%, and 14% of the leadorigin salt is contained in the 20-30-, 30-40-, and 10-20-m layers, respectively. In NORAND, the high salinity water column under the lead is not broken by baroclinic instability and keeps a geostrophic steady state, so the lead-originated salt can stay at upper levels even after the closing of the lead. In NOROT, cellular overturning circulation mixes the lead-originated salt over a wider vertical range.
Comparison of the results of these three experiments suggests that the eddies transport the lead-originated salt to a wider area for a longer period, even after the closing of the lead, in the presence of rotation. Therefore, distribution of the lead-originated salt may be strongly affected by the properties of the generated eddies, such as their size, location, and core salinity. Next we investigate parameter sensitivity of eddy properties and distribution of the lead-originated salt.
b. Sensitivity to the initial state
First we show the result of the experiments where the mixed layer depth is set to 15 and 60 m (referred to as H15 and H60, respectively). The domain depth of the model is 40 and 160 m, and the vertical resolution is 1.25 and 5.0 m in H15 and H60, respectively. Figure 7 shows the results at day 30. The lead-originated salt concentration at the core of eddies is 0.10 psu in H15 and as low as 0.03 psu in H60. Although there is a large difference in the core concentration among these experiments, the horizontal size of the eddies is similar. However, the vertical scale of the eddies changes as the mixed layer depth changes. Shorter eddies with higher salinity cores are generated in H15, and taller eddies with lower salinity cores are generated in H60. (Note that the vertical scale is different between Figs. 7b and 7d.)
Next we show the results of the experiments after changing the strength of the halocline. In DS01 the difference of salinity between the upper mixed layer and the dense water under the halocline, ⌬S, is set to 0.125 psu, which corresponds to a density difference of ). The concentration of the lead-originated salt and the scale of eddies do not seem to be affected by the strength of the halocline, but the depth of the eddy core is different (Fig. 8) . While convection reaches deeper than 40 m and the eddies are formed at the middle of the halocline in DS01, the eddies are formed above the halocline and the salt stays around 30-m depth in DS16 because penetrative convection is prevented by strong stratification.
The same analysis as in Fig. 5 shows a tendency similar to CTRL for all of these four cases after changing the halocline strength (figure not shown), so the lateral salt transport by eddies does not seem to be affected by the initial mixed layer depth or the strength of the halocline. Contrary to the similarity in horizontal distribution, the vertical distribution of the lead-originated salt is different for the four cases (Fig. 9) . While more than 50% of the lead-originated salt is contained at 20-30 m in DS01, more than 60% is contained at 30-40 m in DS16. When the halocline is weak, the vertical convection under the lead easily penetrates into the halocline and eddies are formed at a deeper level. Otherwise, the convection is restricted by strong stratification and eddies are formed at a shallower level.
c. Sensitivity to the forcing parameters
We also investigate sensitivity to the surface salt flux by changing the forcing parameters, that is, the apparent air temperature T a , the width of the lead W, and the duration time of the lead t s ; TA10 and TA40 are the same as CTRL, but T a is Ϫ10°and Ϫ40°C, respectively. Low apparent air temperature leads to high ice growth rate, which results in a larger surface salt flux. In TA10, where the salt flux is weaker than CTRL, generated eddies are smaller and the concentration of the leadoriginated salt at their core is smaller than in CTRL (Fig. 10a) . In TA40, where the salt flux is stronger than CTRL, the eddies are bigger and the core concentration is greater than in CTRL (Fig. 10b) . The depth of the peak of the salt concentration is also different because the eddies sink to the depth where the density of ambient water matches the core density (figure not shown).
W02 and W04 are the same as CTRL, but W is 200 and 400 m, respectively. The results (Figs. 10c,d) show that a narrower lead induces smaller eddies with smaller core concentration, and a wider lead induces bigger eddies with higher core concentration. These results are similar to the results of the experiments with changing the apparent air temperature in terms of dependence on total salt input; that is, both lower air temperature and a wider lead cause greater total salt input, and both result in bigger eddies with higher core salt concentration.
TS01 and TS10 are the same as CTRL, but t s is 1 and 10 days, respectively. The longer duration time of the lead causes greater total salt input. Note that the total salt input and t s are not linearly related because the growth rate decreases as ice grows. Figures 10e,f also show similar results; that is, the eddy scale and the con- 
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centration inside the eddies increase as the total salt input increases. Figure 11 is the time series of horizontal distribution of the lead-originated salt. Note that the scale of the vertical axis is normalized by the total salt input for each experiment. Generally speaking, eddy transport works more efficiently in the experiments where larger eddies with higher salinity cores are generated. Figure  12 is the time series of the vertical distribution of the lead-originated salt. Stronger salt flux or a wider area of flux increases the ratio of the lead-originated salt contained at 30-40-m depth and decreases at both 10-20-and 20-30-m depth, which means that eddies are generated at a deeper level. On the other hand, the ratio contained at 10-20-m depth increases when the lead duration increases. This is because the salt supply continues even after the generation of eddies, and some of the lead-originated salt is mixed at a shallower level by continuous convection without being captured inside eddies.
Discussion
The parameter sensitivity experiments described in the previous section suggest that the horizontal scale of generated eddies is controlled by the total amount of salt input but is independent of the initial mixed layer properties. In this section, we discuss the mechanism of the eddy generation and the scaling for eddy size, based on a linear instability theory.
Before instability develops, quantities are uniform along the lead, so the problem can be treated as twodimensional. When buoyancy is lost at the surface of nonstratified rotating fluid, dense water created near the surface drives vertical convection and sinks until rotation takes effect (Jones and Marshall 1993) . Maxworthy and Narimousa (1994) estimate the depth of such free convection as
where B 0 is the buoyancy flux and f is the Coriolis parameter. In the present study B 0 is of the order of 10 Ϫ7 m 2 s Ϫ3 and f is about 10 Ϫ4 s
Ϫ1
, so the critical depth z c is about 4000 m, which is much greater than the mixed layer depth. Therefore the brine-driven convection under the lead in the present study can reach the halocline without being affected by rotation. Salinity of 
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the water column under the lead is well homogenized throughout the mixed layer by such convection, and a high salinity water mass with sharp fronts is formed under the lead. Such a localized dense water mass tends to induce cellular overturning, but it is interrupted by geostrophic adjustment in a few days. During geostrophic adjustment, along-lead geostrophic jets develop at both fronts. Since the cellular overturning is convergent at the surface and divergent at the base of the mixed layer, the directions of these geostrophic jets are opposite between the surface and the base, and they satisfy the thermal wind balance
where the buoyancy b is defined as During geostrophic adjustment, the cellular overturning circulation tilts the fronts, and the displacement of the fronts is scaled by the local internal deformation radius
where ⌬b is the buoyancy difference between inside and outside of the fronts (Dewar and Killworth 1990; Send and Marshall 1995) . Note that R d is defined by local density anomaly induced by the freezing lead, not derived from the mean stratification. The total buoyancy change of the dense water mass (the trapezoidal region in Fig. 13a ) and the total buoyancy loss due to salt input at the surface should be balanced: 
Using a scaling argument, we can omit the lowest-order
.
͑7͒
When R d ϳ W, both (6) and (7) are satisfied except for the factor of 2 Ϫ1/2 in (6) and 2 Ϫ1/3 in (7). In CTRL, B 0 ϳ 1.2 ϫ 10 Ϫ7 m 2 s
Ϫ3
, t s ϳ 3.0 ϫ 10 5 s, and f ϳ 1.4 ϫ 10 Ϫ4 s
Ϫ1
, and (6) yields R d ϳ 1.2 ϫ 10 3 , but this value of R d violates the assumption that R d Ͻ W, so the former case is not appropriate. On the other hand, (7) yields R d ϳ 1.1 ϫ 10 3 m, which is consistent with the assumption that R d Ͼ W. All experiments in the present study satisfy the condition R d Ͼ W, so we adopt (7) as the scaling of the internal deformation radius R d .
After a few days, baroclinic instability develops at both fronts. Linear instability theory (Eady 1949; Pedlosky 1979) indicates that the wavelength of the fastest growing mode is
and its growth rate is
where Ri is the Richardson number
and V is velocity of the along-lead jets. Since the horizontal scale of the front displacement is R d ϭ ͌⌬bH/f and the vertical scale is H, the Richardson number is scaled as
Therefore, the maximum growth rate is 0.3f, and the time scale of the development of instability is estimated as 1-2 days, in good agreement with the results of our experiments. After closing of the lead, dense saline water forms a domelike structure (Fig. 13b) . Based on the previous discussion, the distance between both fronts at the base of the mixed layer is W ϩ 2R d , which is less than the wavelength of the fastest growing mode c ϳ 3.9R d . Supposing that the amplitude of the perturbation increases up to its own wavelength, the meandering of the along-lead jets induced by baroclinic instability developed at both fronts divides the underlead dense water regions into separated masses (Fig. 14) . Since the dense water region has negative vorticity at the base, each separated dense water mass has anticyclonic circulation and is geostrophically balanced. The basal area of each mass is scaled as
and it follows that the radius of eddies is scaled as
͑13͒
Note that baroclinic instability generates pairs of positive and negative vorticity columns. The negative ones are generated in the dense water region inside the fronts and form anticyclonic eddies with high salinity cores. Therefore, these anticyclonic eddies are in geostrophic balance. On the other hand, positive vorticity columns are generated outside of the fronts, and there is no mechanism for maintaining the positive vorticity. Consequently, only anticyclonic eddies survive. Figure 15 is a plot of the radius of eddies generated in all experiments. The vertical axis is the radius, which is the average distance between the core of eddies and their velocity maxima at 10 days after closing the lead. The horizontal axis is the scaled internal deformation radius as in (7). The radius looks approximately proportional to R d , and least squares fitting yields
This result is consistent with the scaling analysis (13), and it also agrees with the laboratory experiments of Bush and Woods (1999) in which the eddy radius is scaled as
However, (14) does not agree with Smith et al. (2002) in which the eddy radius is scaled as
when the condition t s ϳ 1/f is used.
The reason for this disagreement is that the lead in Smith et al. (2002) is wider (720-5600 m), so (6) should be adopted for scaling the deformation radius. In the present paper, the lead width is no greater than 800 m and all cases satisfy W Ͻ R d , so (7) is adopted.
The term WB 0 t s in (14) stands for the product of the buoyancy flux, the width where the flux is applied, and the duration time of the flux, so it represents the total buoyancy loss per unit length of the lead. Since the number of generated eddies should be proportional to the lead length and f is constant, (13) suggests that the radius of generated eddies is proportional to the cube root of the total buoyancy loss.
Summary and conclusions
We have performed numerical experiments to investigate the effects of brine rejection under leads above the Arctic Ocean mixed layer. A three-dimensional nonhydrostatic ocean model coupled with a thermodynamic sea ice model is used. The initial condition and the surface forcing are set to a characteristic situation of the wintertime Arctic Ocean.
Brine-driven vertical convection caused by freezing of a lead forms density fronts in the mixed layer between saline dense water under the lead and ambient relatively freshwater. At such fronts, baroclinic instability develops in a few days and separates the dense water mass into discrete anticyclonic eddies with a scale of 3 to 5 km at the base of the mixed layer. These eddies, containing saline water, survive for over 50 days and move horizontally in the mixed layer. Consequently, the salt that is supplied locally under the lead is transported by the eddies to a wider area.
The results of parameter sensitivity experiments suggest that the scale of the generated eddies is proportional to the cube root of the total buoyancy loss. This conclusion agrees with scaling analysis using a linear instability theory and the results of laboratory experiments (Bush and Woods 1999) but does not agree with the results of the previous numerical experiments by Smith et al. (2002) . The reason for this disagreement is the difference in the choice of lead width W. While W is less than the internal deformation radius in the present study, that used in Smith et al. (2002) is greater. Our model result and previous studies (Smith et al. 2002; Bush and Woods 2000) show that a line-shaped salt flux under leads create baroclinic eddies. Subsurface anticyclonic eddies with cold and high salinity cores have been observed in the Arctic Ocean (Manley and Hunkins 1985; Muench et al. 2000) , but their origin is not yet clear. Those observed eddies are very similar to the eddies in our model in terms of their anticyclonicity, core T/S, and depth of kinetic energy peak. However, the horizontal scale of these observed eddies is typically 10-20 km, which is much larger than the eddies in the present study. One possibility is that several smaller eddies generated under leads merge into a larger one. Note that those eddies are observed from stations on moving ice floes, so small-scale eddies might not be detected. Another possible origin of the observed subsurface eddies is the baroclinic structure of coastal currents, discussed by Chao and Shaw (2003) .
Distribution of the lead-originated salt is notable. Almost all salt supplied under the lead is captured inside the generated eddies, which exist just above the halocline. Therefore, the lead-originated salt settles only at the base of the mixed layer and is not used to increase salinity of the upper mixed layer. In many OGCMs, the salt supplied as a result of freezing leads is uniformly distributed over the mixed layer by convective adjustment or other boundary layer parameterizations, so it increases the salinity uniformly over the mixed layer. This process decreases the density gap between freshwater in the mixed layer and salty water beneath the halocline, so the vertical structure of the halocline tends to be broken. However, the result of the present study suggests an opposite scenario; that is, the salt supplied under leads settles only at the base of the mixed layer and reinforces the salinity gap at the halocline. Parameterizing these effects may improve representation of the Arctic Ocean mixed layer in OGCMs.
In the present study, we idealize the Arctic Ocean and omit some important factors, such as wind-driven drift of the sea ice pack, thermodynamic growth of thick sea ice cover, and heat transport induced by upwelling of deeper warm water. In particular, drift of the sea ice pack can significantly affect the vertical distribution of lead-originated salt because movement of the salt flux prevents formation of sharp fronts and baroclinic eddies. To develop a new parameterization of the Arctic Ocean mixed layer, those factors should be investigated. We have actually performed moving ice pack experiments, and their results suggest that the leadoriginated salt is distributed to shallower levels in the mixed layer as the sea ice velocity increases. Those results will be discussed elsewhere.
